Background. Tests to determine serum antibody levels-the 2-tier sonicate immunoglobulin M (IgM) and immunoglobulin G (IgG) enzyme-linked immunosorbent assay (ELISA) and Western blot method or the IgG of the variable major protein-like sequence-expressed (VlsE) sixth invariant region (C6) peptide ELISA methodare the major tests available for support of the diagnosis of Lyme disease. However, these tests have not been assessed prospectively.
disease. The Centers for Disease Control and Prevention (CDC) recommends a 2-tier approach of sonicate IgM and IgG ELISA, followed by Western blotting [2] . For results to be considered positive, IgM blots, which are only to be used during the first 4 weeks of infection, are required to have at least 2 of 3 specific bands, and IgG blots, which are applicable at any time in the illness, are required to have at least 5 of 10 specific bands [2] . In the search for better Lyme disease tests that use recombinant antigens or synthetic peptides, an IgG ELISA that employs a 26-mer peptide from the sixth invariant region (C6) of the variable major protein-like sequence-expressed (VlsE) lipoprotein of the spirochete B. burgdorferi has shown particular promise [3, 4] . However, the performance of these serologic tests has not been assessed prospectively for patients with Lyme disease.
In this study, we used the standard 2-tier tests and an IgG VlsE C6 peptide ELISA to determine prospec-Subscription Information for: tively the serologic responses in patients with various manifestations of Lyme disease and in control subjects.
PATIENTS AND METHODS
Study subjects. From 1999 through 2001, 2 primary care physicians at field sites in East Lyme, Connecticut, or Wakefield, Rhode Island, recruited 97 patients with EM for this study. During the same period, 147 patients with later manifestations of Lyme disease or other illnesses who were seen in the Lyme Disease Clinic at New England Medical Center (Boston, Massachusetts) were invited to participate. The study was approved by the Human Investigations Committees at New England Medical Center for the period 1999-2001 and at Massachusetts General Hospital (Boston, Massachusetts) for the period 2002-2007, and informed consent was obtained.
Inclusion criteria for patients with EM. Patients were required to meet the criteria of the CDC for Lyme disease [5] . In patients with EM, a 1.5-mm punch skin biopsy was performed for culture of B. burgdorferi [6] , and an EDTA-anticoagulated blood sample was obtained for PCR detection of B. burgdorferi, Anaplasma phagocytophilum, and Babesia microti DNA [7] . In addition, an acute-phase blood sample was obtained, and 3-4 weeks later, at the conclusion of antibiotic therapy, a convalescent-phase serum sample was obtained for serologic testing for these 3 organisms. Of the 97 patients with EM who were initially evaluated, 79 (81%) had a culture positive for B. burgdorferi, and 3 patients had a PCR result positive for a coinfecting agent or IgM or IgG seroconversion to a coinfecting agent [7] . Thus, for this analysis, only the 76 culture-positive patients who did not have evidence of coinfection were included. In these patients, disseminated disease was defined by a PCR result positive for B. burgdorferi DNA in blood or by multiple EM skin lesions.
Inclusion criteria for patients with later manifestations of the infection. Neuroborreliosis was defined clinically as meningitis, cranial neuropathy, peripheral neuropathy, or radiculoneuropathy. Except for patients with cranial neuropathy, these patients were required to have CSF pleocytosis or electromyographic evidence of an axonal polyneuropathy [8] . Cardiac involvement was defined by the presence of acute atrioventricular nodal block. Lyme arthritis was defined as inflammatory arthritis in у1 large joint. In all patients with neurologic, cardiac, or joint involvement, a serologic result positive for B. burgdorferi by ELISA and Western blot was required for case inclusion [5] . All patients who met the criteria for early or late manifestations of Lyme disease were treated with courses of oral or intravenous antibiotic therapy, as recommended by the Infectious Diseases Society of America [9] .
Post-Lyme disease symptoms were defined as subjective pain and neurocognitive or fatigue symptoms occurring within 6 months after receipt of recommended antibiotic therapy for an objective manifestation of Lyme disease [9] . Patients with other illnesses, with or without a past history of Lyme disease, did not meet the clinical criteria for this infection. For all patients, including those seen at field or hospital clinics, serologic testing was performed on fresh samples that were obtained during the course of medical evaluation. The results of 2-tier testing were reported to clinicians and patients, but the results of the VlsE C6 ELISA, a research test, were not reported.
Control groups. The control group from an area in which Lyme disease was endemic consisted of healthy individuals without a history of the infection whom physicians at the Connecticut or Rhode Island field sites saw for well visits. The control group from an area in which the infection was not endemic consisted of healthy individuals who were blood donors in Fort Collins, Colorado; Dr. Barbara Johnson at the CDC provided these frozen, archival samples.
Serologic methods. Serologic results were determined by 2tier sonicate ELISA and Western blot and by VlsE C6 peptide ELISA, as described elsewhere [6, [10] [11] [12] . Both ELISAs were noncommercial, in-house tests. For the sonicate ELISA, the antigen preparation was derived from B. burgdorferi strain G39/ 40 [10] . The cutoff value for a positive response was defined as 3 SDs for IgG and 5 SDs for IgM above the mean absorbance of 8 negative control samples included on each plate, which were previously shown to be representative of values obtained from 50 healthy control subjects [12] . As recommended by the CDC, Western blotting was performed only on samples that had positive or indeterminate responses by ELISA, using a commercial test system that employed B. burgdorferi sonicate (strain B31) (MarDx). Positive results were interpreted according to the CDC criteria [2] . The IgG VlsE C6 ELISA employed the originally described 26-mer sequence from the sixth invariant region of Borrelia garinii [3] . An absorbance of 0.45, which was 3 SDs above the mean absorbance of 8 negative control samples included on each plate, was defined as a positive response.
Statistics. The numbers of patients with positive results according to 2-tier testing or the VlsE C6 peptide ELISA were compared by x 2 analysis or, if appropriate, by Fisher's exact test. All P values were 2-tailed.
RESULTS

Patients with EM.
With the sonicate ELISA and Western blot, 22 of the 76 culture-positive patients with EM (29%) had positive IgM or IgG antibody responses to B. burgdorferi in acutephase samples, and 49 patients (64%) had such reactivity in convalescent-phase serum samples that were obtained 3-4 weeks later, at the conclusion of antibiotic therapy. Of the 76 patients, 40 (53%) had disseminated disease, defined by the presence of multiple EM skin lesions or a PCR result positive for B. burgdorferi DNA in blood, whereas the other 36 patients lacked evidence of disseminated infection. In both groups, sam- (2) Area in which Lyme disease is not endemic 1/50 (2) 0 0 0 a With 2-tier testing, patients with erythema migrans who had evidence of disseminated disease had positive IgM responses significantly more often than did patients who lacked evidence of dissemination, both in acute-phase and convalescent-phase samples (in each instance, ). P p .02 b In patients with erythema migrans, the IgG VlsE C6 peptide ELISA became positive before IgG reactivity with у5 bands developed with 2-tier testing. In acute-phase samples, this difference approached statistical significance for patients who did not have evidence of dissemination ( ) and was statistically significant for patients who did have evidence of dissemination ( ). In comparison, P p .15 P p .04 the differences during the convalescent phase were still greater, both for patients who did not have evidence of dissemination (P p ) and for those who did ( ). .003 P ! .001 c Of the 40 patients, 25 had a PCR result positive for B. burgdorferi DNA in blood alone, 4 had multiple erythema migrans lesions alone, and 11 had both of these findings. d Of the 13 patients, 4 had meningitis and facial palsy (and in 1 case, radiculoneuritis), 4 had facial palsy alone, 1 had anterior optic neuritis, and 4 had high-degree atrioventricular nodal block. Of the 4 patients with heart block, 1 also had unilateral paralysis of the phrenic nerve, and another had radiculoneuritis. Seven of the 13 patients had erythema migrans, and 6 experienced flu-like symptoms several weeks prior to the onset of neurologic or cardiac abnormalities. They did not receive antibiotic therapy at that time, but they were treated successfully when they had neurologic or cardiac involvement. e Of the 31 patients, 30 had arthritis (in 1 case accompanied by radiculoneuropathy), and 1 patient had radiculoneuropathy alone. Six patients had erythema migrans, and 5 experienced flu-like symptoms months prior to the onset of arthritis or radiculoneuropathy; in the remaining 20 patients, arthritis was the initial manifestation of the illness. Twelve (40%) of the 30 patients with arthritis had a result positive for B. burgdorferi DNA in joint fluid. One patient with erythema migrans was treated with oral amoxicillin for 30 days, but the remaining patients did not receive antibiotics prior to the onset of joint or neurologic abnormalities. f Includes 37 patients with chronic fatigue syndrome or fibromyalgia, 19 with rheumatic diseases (such as rheumatoid arthritis or psoriatic arthritis), 11 with neurologic illnesses (including multiple sclerosis), 7 with other infections, and 1 with T cell lymphoma. of the 40 patients who had disseminated disease had such responses. These differences reached statistical significance for the frequency of IgM reactivity as determined by 2-tier testing, which was greater among patients with disseminated disease, both in acute-phase and convalescent-phase samples.
The only significant difference between the 2 test systems was that the VlsE C6 peptide ELISA, which is an IgG test, often had positive results before у5 IgG bands were detected on sonicate Western blots, and this difference was particularly significant during the convalescent period (table 1) . However, when the results obtained with both the IgM and IgG sonicate tests were compared with the results obtained with the IgG VlsE C6 peptide ELISA, the percentage of patients with positive results did not differ significantly between the groups.
Patients with organ involvement. A median of 6 weeks after disease onset (range, 3-25 weeks), 13 patients had acute neurologic or cardiac abnormalities associated with Lyme disease. None of these patients had received antibiotic therapy prior to evaluation. All 13 patients had positive VlsE C6 peptide ELISA results (table 1). With 2-tier testing, 9 patients had positive IgM and IgG responses to B. burgdorferi; 2 patients (both with facial palsy alone) who were seen 4 and 6 weeks after disease onset, had only IgM reactivity with the spirochete B. burgdorferi, and 2 patients with carditis had only IgG reactivity. The patient with facial palsy who had only a positive IgM response to B. burgdorferi 6 weeks after disease onset had IgM and IgG reactivity with the 23-kD, 39-kD, and 41-kD spirochetal proteins and IgG reactivity with the VlsE C6 peptide. Because the IgM criteria are to be used only for the first 4 weeks after disease onset [2] , this patient would not meet the CDC serologic criteria for the diagnosis of Lyme disease.
A median of 12 months after disease onset (range, 3-60 months), 30 patients had arthritis, usually affecting 1 or both knees; in 1 case, arthritis was accompanied by radiculoneuropathy, and 1 patient had radiculoneuropathy alone (table 1). All 31 patients had positive IgG responses to B. burgdorferi with 2-tier testing and with the VlsE C6 peptide ELISA.
Patients with post-Lyme disease symptoms or other illnesses. A median of 12 months (range, 2-144 months) after objective manifestations of Lyme disease, 14 patients were evaluated for subjective pain, neurocognitive, or fatigue symptoms that began within 6 months after EM (12 cases) or Lyme arthritis (2 cases). Of the 14 patients, 10 (71%) had a positive antibody response to B. burgdorferi with 2-tier testing, most commonly of the IgM isotype, and 6 (43%) had reactivity with the VlsE C6 peptide (table 1). Fourteen additional patients were evaluated who had experienced Lyme disease a median of 16 months previously (range, 3-120 months), but we thought that they now had other neurologic, dermatologic, or rheumatic diseases. Of these 14 patients, 11 (79%) had a positive antibody response to B. burgdorferi by 2-tier testing, most commonly of the IgG isotype, and 9 (64%) had reactivity with the VlsE C6 peptide. Seventy-five patients were referred for possible Lyme disease but did not meet clinical criteria for that infection. All 75 patients had negative results with 2-tier testing, but 1 patient had a positive result with the C6 ELISA (table 1) . This patient did not meet clinical criteria for Lyme disease, and only the 41-kD and 58-kD bands were present on an IgG Western blot.
Healthy control subjects from areas of endemicity and areas of nonendemicity. Among the 86 healthy individuals from areas in which Lyme disease is endemic who did not have a history of the infection, 1 each had IgM or IgG reactivity with B. burgdorferi by 2-tier testing (table 1). The person with a positive IgG response also had reactivity with the VlsE C6 peptide, and 3 other individuals had responses to the VlsE peptide alone. Among the 50 healthy blood donors from an area in which Lyme disease was not endemic, none had positive results by 2-tier testing, but 1 had reactivity with the VlsE peptide alone.
Magnitude of antibody responses by ELISA.
With the sonicate ELISA, IgM values were highest in patients with neurologic or heart abnormalities, a median duration of 6 weeks after disease onset, and the highest IgG responses were found later in the illness in patients with Lyme arthritis (figure 1). In comparison, IgG reactivity to the VlsE C6 peptide developed faster and was higher in patients with neurologic, heart, or joint abnormalities. With both tests, the antibody levels were lower in patients with post-Lyme disease symptoms or with past Lyme disease and another current illness.
Antibody to B. burgdorferi proteins on Western blot. In acute samples obtained from patients with EM, IgM and IgG responses, if present, were most commonly directed against the 23-kD outer-surface protein C and the 41-kD flagellar protein of B. burgdorferi and were less often directed against the 39-kD Borrelia membrane protein (table 2) . Several weeks after disease onset, most patients with acute neurologic or heart involvement had IgG reactivity with these 3 B. burgdorferi proteins and several other spirochetal proteins. All patients with Lyme disease-associated arthritis or late neurologic involvement had IgG reactivity with the 18-kD decorin binding protein A and with most of the 10 proteins used in the diagnostic criteria.
Sensitivity and specificity of tests. Among the 76 patients with EM, the sensitivity of both IgM and IgG 2-tier tests and the IgG VlsE C6 peptide ELISA was low in acute-phase samples, but it was higher in convalescent-phase samples obtained 3-4 weeks later (table 3) . Among the 44 patients with neurologic, heart, or joint abnormalities, all had positive IgM or IgG responses to B. burgdorferi with 2-tier testing, and all 44 had IgG reactivity with the VlsE C6 peptide. Thus, in patients with later manifestations of the infection, 2-tier testing had a sensitivity of 100% and a specificity of 99%. Similarly, the VlsE C6 peptide ELISA had a sensitivity of 100% but a specificity of 96%. These differences in sensitivity and specificity were not statistically significant.
DISCUSSION
In this study, as in previous retrospective analyses [4, [12] [13] [14] , the standard 2-tier tests (sonicate ELISA with Western blot) and the VlsE C6 peptide ELISA had high sensitivities and specificities in patients with Lyme disease, except in those patients with EM. It is problematic to determine the frequency of seroreactivity in patients with neurologic, cardiac, or joint manifestations of Lyme disease, because serologic confirmation is a part of the case definition [2] . However, B. burgdorferi DNA can be detected by PCR in the majority of patients with Lyme arthritis before antibiotic therapy [15, 16] , and in our experience, all such patients have been seropositive for B. burgdorferi. Both culture and PCR have been low-yield procedures among patients with early or late neuroborreliosis, but positive cultures or PCR results have been reported for some of these patients [17, 18] , and they have been seropositive for B. burgdorferi. Moreover, in animal models of Lyme disease, spirochetes have been seen in or cultured from nervous system, heart, or joint lesions, and these animals have been seropositive for B. burgdorferi [19, 20] . Although a small number of patients with symptoms of "seronegative late Lyme disease" were described in 1988 [21] , this concept has been discredited as our understanding of Lyme disease has increased and as the standardization of serologic tests for Lyme disease has improved. Therefore, current thinking is that all patients with objective neurologic, cardiac, or joint abnormalities associated with Lyme disease have serologic responses to B. burgdorferi.
In contrast, subjective post-Lyme disease symptoms are not thought to result from active spirochetal infection [22, 23] . Antibody titers to B. burgdorferi decrease after antibiotic therapy [24, 25] , and titers to the VlsE C6 peptide decrease faster than titers to sonicate antigens [11, 24, 26] . However, with any of these tests, positive IgM or IgG responses may persist for years [24, 27] . Thus, antibody responses to B. burgdorferi were typically low in our patients with post-Lyme disease symptoms or in those with past Lyme disease and another current illness, but many patients were still seropositive for B. burgdorferi.
In this study, the sensitivity of 2-tier testing in patients with later manifestations of Lyme disease was 100%, and the specificity was 99%, although 1 patient with facial palsy still had only an IgM response to B. burgdorferi 6 weeks after disease onset (rather than at 4 weeks after disease onset, as required by CDC criteria [2] ). Similarly, a patient with Lyme diseaseassociated meninigitis and radiculoneuritis was recently described who had only a positive IgM response 5 weeks after disease onset [28] . Thus, the period of infection in which IgM criteria may be used to support the diagnosis of Lyme disease should be extended by several weeks. The specificity of 2-tier testing may even be 199%. Although 2 individuals in the control group from an area in which Lyme disease is endemic had positive IgM or IgG responses, asymptomatic B. burgdorferi infection, which occurs in ∼10% of cases [29] , may be the explanation for these responses. In contrast, such responses were not seen in the control group from a region in which Lyme disease was not endemic. Although patients with other illnesses were not included in the specificity calculations, none met the clinical criteria for Lyme disease or had positive serologic responses with 2-tier testing. Therefore, the inclusion of such patients would not have decreased this calculation.
As in previous retrospective analyses [3, 4, 30] , we obtained results with an IgG VlsE C6 peptide ELISA (a single test) that were similar to those obtained with the 4 tests of the sonicate IgM and IgG ELISA and Western blot. In addition to ease of testing, the principal advantage of the C6 peptide ELISA is the early IgG response, which usually develops before у5 bands are detected on sonicate IgG Western blots. This difference is important, because 2-tier testing of patients with early Lyme disease relies heavily on IgM responses, and in clinical practice [31] , the IgM criteria have not performed as well as reported here.
The major advantages of sonicate Western blot are its slightly greater specificity, compared with the C6 ELISA, and the fact that the degree of expansion of the antibody response (as assessed by Western blot) gives information about the duration of infection. A higher cutoff value may be used to increase the specificity of the C6 ELISA [3, 4] at the expense of sensitivity. Four current subjects in healthy control groups, including 1 individual from an area in which Lyme disease is not endemic, had robust responses to the VlsE C6 peptide alone, without reactivity with other spirochetal proteins. We do not think that these patients had asymptomatic B. burgdorferi infection, because 28 previous patients with asymptomatic infection had reactivity not only with the VlsE C6 peptide but also with other B. burgdorferi proteins [29] . Thus, with current methods, Western blot remains valuable for specificity and for assessing the duration of infection.
